A mutant malic enzyme gene, mae2 3 , was cloned from a strain of Schizosaccharomyces pombe that displayed almost no malic enzyme activity. Sequence analysis revealed only one codon-altering mutation, a guanine to adenine at nucleotide 1331, changing the glycine residue at position 444 to an aspartate residue. Gly-444 is located in Region H, previously identified as one of eight highly conserved regions in malic enzymes. We found that Gly-444 is absolutely conserved in 27 malic enzymes from various prokaryotic and eukaryotic sources, as well as in three bacterial malolactic enzymes investigated. The evolutionary conservation of Gly-444 suggests that this residue is important for enzymatic function. z
Introduction
Malic enzymes catalyse the reversible oxidative decarboxylation of L-malate to pyruvate and CO P in the presence of NAD (P) and divalent cations (Mn P or Mg P ) as cofactors [1] . Depending on their coenzyme speci¢city and ability to decarboxylate both malate and oxaloacetate, three types of malic enzymes are recognized. The malic enzyme (L-malate:NAD oxidoreductase (oxaloacetatedecarboxylating); EC 1.1.1.38) uses NAD as cofactor and can utilise malate and oxaloacetate as substrate. Malate dehydrogenase (L-malate:NAD oxidoreductase (decarboxylating); EC 1.1.1.39) decarboxylates only L-malate in the presence of either NAD or NADP , although NAD is normally the preferred coenzyme. The [(L)-malate:NADP oxidoreductase (oxaloacetate-decarboxylating); EC 1.1.1.40) uses only NADP as cofactor. The cellular localisation and coenzyme speci¢city of the di¡erent types of malic enzymes appear to dictate their physiological function. In mammalian liver tissues, the cytosolic NADP-dependent enzyme generates NADPH for fatty acid synthesis, the mitochondrial NADP-dependent enzyme is used for the recycling of NADPH for biosynthetic reactions and the mitochondrial NAD-dependent enzyme is linked to the conversion of amino acids to pyruvate [2] . Although malic enzymes perform di¡erent physio-logical functions in the cell, the malic enzymes from various prokaryotic and eukaryotic organisms show a highly conserved amino acid sequence [3] .
The yeast Schizosaccharomyces pombe can e¡ec-tively degrade extracellular L-malate due to an active transport system for malate and an NAD-dependent malic enzyme (EC 1.1.1.38) with a high substrate a¤nity [4] . The S. pombe malic enzyme gene, mae2, was cloned by complementation of a mutant strain de¢cient in malic enzyme activity [3] . Molecular analysis of the gene and its deduced amino acid sequence revealed the presence of eight highly conserved regions, regions A^H, in malic enzymes (Fig. 1) . These regions represent clusters of highly conserved residues separated by spacer regions with less homology, but conserved in length. Four of the conserved regions were implicated in the binding of NAD(P)
, malate or divalent cations, whilst the physiological importance of the other regions remains unknown.
The S. pombe mae2 3 mutant strain was obtained with NTG mutagenesis [5] , therefore we anticipated a point mutation(s) in the mae2 open reading frame (ORF) or 5P £anking region. If this mutation(s) is located within a conserved region, it might shed more light on the importance of the conserved residues. We therefore cloned the defective malic enzyme gene, mae2 3 , from the S. pombe mutant strain, and report on the molecular analysis thereof.
Materials and methods

Strains and media
The S. pombe wild-type strain 600 (972 leu1-32 h 3 ) and malic enzyme mutant strain 603 (972 leu1-32 me 3 LH-67 h 3 ) were used in this study [5] . S. pombe cells were grown in SC-medium (0.17% yeast nitrogen base without amino acids and ammonium sulfate (Difco Laboratories, Detroit, MI, USA), 0.5% (NH R ) P SO R , 2% glucose and amino acid supplements) or YEPD medium (1% yeast extract, 2% bactopeptone, 2% glucose). Competent cells of S. pombe strain 603 were prepared with the lithium acetate procedure [6] . SC Àleu medium or agar plates were used for selective growth of transformed S. pombe cells. Competent cells of E. coli DH5K were prepared and transformed with plasmid DNA using standard procedures [7] .
Malic enzyme activity assays
Wild-type and mutant strains of S. pombe were cultured overnight in 10 ml SC-medium. Crude cell extracts and enzyme assays were done in duplicate as previously described [5] . Enzyme activities are given as Wmol of NADH produced per minute per mg of protein as determined by Bradford assays (Bio-Rad, Hercules, CA, USA).
Northern and Western blot analysis
Total RNA was isolated [8] from wild-type S. pombe cells grown overnight in SC Àleu medium and samples of 15 Wg total RNA were loaded on 0.8% formaldehyde agarose gels and subjected to electrophoresis. The RNA was transferred to a Nylon membrane (MSI, Westboro, MA, USA) and probed with the 610-bp BamII-EcoRV fragment of the mae2 ORF [3] .
Total cellular proteins were isolated from the wildtype and mutant strains of S. pombe cultured in SCmedium [5] . Equal amounts of total protein (40 Wg) were loaded on a 12% SDS-PAGE gel and subjected to electrophoresis [7] . Western blot analysis with pol- Fig. 1 . Eight homologous regions identi¢ed in eukaryotic and prokaryotic malic enzymes with their proposed function as binding sites [3] . The consensus amino acid residues are given below the boxes (capital letters are used for conserved residues, lower case for consensus residues and X for variable residues). The number of amino acid residues that separate the conserved regions are given above the diagram.
yclonal antibodies against the S. pombe mae2p was performed as previously described [9] .
DNA manipulation and analysis
General procedures for cloning, DNA manipulations and bacterial transformations were performed as described by Ausubel et al. [7] . Genomic DNA was isolated [6] from the S. pombe mutant strain 603 and used as a template for PCR ampli¢cation of the mae2 3 gene. Plasmid DNA was isolated from E. coli transformants using alkaline lysis [7] and puri¢ed with the Wizard 373 DNA Puri¢cation System (Promega, Madison, WI, USA). DNA sequencing of two copies of the cloned fragment was performed on both strands with the ABI PRISM TM 377 DNA Sequencer (Applied Biosystems, Perkin Elmer) according to the manufacturer's instructions.
PCR ampli¢cation and cloning of the mae2
3 gene
Primers MV24 and MUT3 were used to amplify the mae2 3 gene from S. pombe strain 603 genomic DNA. Primer MV24 (5P-GAGTTAGCATGCAAG-GTG-3P) and MUT3 (5P-CAAATATGAGCACTC-GAGTAAAACGGG-3P) annealed 480 bp upstream and 150 bp downstream of the mae2 ORF, respectively (Fig. 2) . PCR ampli¢cation of the mae2 3 gene was carried out with TaKaRa Ex Taq polymerase (Takara Biomedical, Gennevilliers, France) with 30 cycles of 1 min at 55³C, 5 min at 68³C and 30 s at 94³C, followed by annealing at 55³C for 2 min and elongation at 68³C for 4 min.
A 2.3-kb PCR product comprising the S. pombe mutant malic enzyme gene, mae2
3 , was gel-puri¢ed using the QIAquick PCR puri¢cation kit (Qiagen, Germany) and cloned as a XhoI fragment in pBluescript II KS. This resulted in plasmid pMVD1 that contains the mae2 3 open reading frame and 287 bp of the 5P £anking sequences (Fig. 2) . The 1.5-kb PstI-BglII mae2 3 fragment was used to replace the corresponding fragment in the native mae2 gene in pMVD2 (Fig. 2) , which was used to evaluate the ability of the mutated fragment to complement the mutant strain.
Results and discussion
De¢cient malic enzyme activity of the S. pombe mae2 3 gene
The S. pombe malic enzyme mutant strain displayed approximately 4% of wild-type enzyme activity (4 units vs. 102 units for the wild type). Northern and Western analysis of the S. pombe mutant malic enzyme gene and protein showed an mRNA and protein similar in size to that of the wild-type strain (Fig. 3) . This indicated that a full-length malic enzyme was still present in the mutant strain and its reduced activity was probably due to a point mutation(s) that altered an important amino acid residue(s). 3 fragment was used to replace the native fragment in pMVD2. Fig. 3 . A: Northern blot analysis of total RNA from the mutant strain (603) and wild-type strain 600. B: Western blot analysis of the S. pombe wild-type (600) and malic enzyme mutant (603) strains. Total cellular protein was subjected to SDS-PAGE and the presence of the malic enzyme was determined with antimae2p polyclonal antibodies.
DNA and amino acid sequence analysis of mae2
3 DNA sequence analysis of the cloned fragment revealed the presence of two mutations in the mae2 3 ORF: nucleotide 1331 (G to A) and nt 1453 (T to C). The mutation at nt 1453 did not alter Table 1 Conserved amino acid sequences for region H in malic and malolactic enzymes Homology searches were done with NCBI BLAST [22] . The amino acid positions given are as they appear in the GenBank databank. The conserved glycine residues that correspond to amino acid 444 in the S. pombe malic enzyme are given in bold and identical residues in the malic enzymes are shaded. GenBank accession numbers. Consensus sequences represent residues that are present in more than 50% of the sequences investigated.
the cysteine residue at amino acid (aa) 483, however, the mutation at nt 1331 changed aa 444 from a glycine to an aspartate residue. Glycine is a small aliphatic amino acid without a side chain and was reported to play an important role in the folding of proteins [10] . In contrast, the carboxyl group on the side chain of aspartate has a pK value of 3.9 and will therefore be negatively charged and polar under physiological conditions. Due to the di¡erent characteristics of the glycine and aspartate residues, it is no surprise that the altered amino acid in the mutant malic enzyme strongly a¡ected its function. The mae2 3 fragment subcloned in plasmid pMVD2 was not able to complement the mutant strain (data not shown), con¢rming that the mutation at nt 1331 inactivated the enzyme.
Conserved Gly-444 in region H
The highly conserved amino acid sequence of malic enzymes indicates a conserved structure and/ or catalytic mechanism in spite of di¡erences in their substrate and co-enzyme speci¢cities. Four of the conserved regions identi¢ed in malic enzymes, regions A, B, D and E [3] , were reported to be binding sites for NAD(P) , L-malate or divalent cations [111 4]. The physiological importance of the conserved regions C, F, G and H remains unknown. A comparison of the amino acid sequences of 27 malic enzymes from various prokaryotic and eukaryotic organisms revealed a conserved A-GSP amino acid sequence within region H ( Table 1 ). The conserved glycine in region H corresponds to the mutated Gly-444 in the S. pombe mutant malic enzyme. Furthermore, Gly-444 is also present in three malolactic enzymes investigated, con¢rming the evolutionary importance of this residue.
Several important amino acid residues were shown to be involved in the activity of the pigeon liver enzyme [15] . These include histidyl and lysyl residues at the dinucleotide binding site, tyrosyl residues at the C R -carboxylic site, and a cysteinyl SH-group near (but not at) each of the substrate binding sites. A histidyl residue at the nucleotide binding site was shown to be involved in the binding of NADPH, probably by serving as a proton sink in the catalytic reaction [16] . A carboxyl group from either a glutamate or aspartate residue could serve as a general acid-base catalyst during the reaction [17] and four aspartate residues (Asp-141, Asp-194, Asp-258 and Asp-464) were proposed to function as co-ordinates for the binding of Mn P in the pigeon malic enzyme. The conserved Asp-258 residue shown to be involved in the binding of Mn P [18] is contained within the conserved Box C (Fig. 1) . Arginine residue(s) located at or near the active site of the enzyme may provide a positively charged group that facilitates the binding of the malate anion [19] . This was con¢rmed by Vernon and Hsu [20] who showed the involvement of an arginyl residue in the binding of the C I -carboxyl group of malate. Glycine residues were reported to serve an important function in the folding of the malic enzyme: the conserved glycine residues in regions B and E (G-G--G) allow the speci¢c folding of the LKL dinucleotide binding fold for the binding of the coenzyme NAD(P) [21] . Although malic enzymes were isolated and puri¢ed from various sources, the crystal structure of the protein has not yet been solved and we can only speculate on the folding pattern of the protein. The highly conserved Gly-444 is located in the carboxyl terminal region of the S. pombe malic enzyme, and may play an important role in the folding of the protein. Replacement of the glycine with an aspartate residue in the mae2 3 gene may therefore adversely in£uence the activity of the protein as suggested by our results. However, this can only be con¢rmed once the crystal structure of the malic enzyme has been solved.
